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ON ELECTRIC STRENGTH. 
BY G. W. PIERCE. 
IN a paper by Dr. Macfarlane and the writer, published in the Physical Review, November-December, 1893, were given the 
results of a series of experiments on the electric strength of par-
affined paper, beeswaxed paper, and kerosene oil. The apparatus 
consisted simply in two discharging tables connected in parallel 
with the poles of a Toepler-Holtz machine. Between a pair of 
brass disks about four inches in diameter, on one of the tables, was 
placed the solid or liquid to be tested. The system was gradually 
charged, and the pair of similar disks on the other table were 
slowly separated, causing the air gap between them to grow larger 
and larger until the spark ceased passing through the air, and broke 
down the insulator tested. 
The air thickness was obtained by the reading on a micrometer-
millimeter scale carried by one of the tables. The thickness of 
the dielectric near the hole made by the discharge was measured 
by a spherometer. 
In the experiments described below, as in the earlier experiments, 
I have compared the different dielectrics with air, and have then 
attempted to reduce them to absolute measure by taking from the 
papers of Dr. Macfarlane,1 Mr. Steinmetz,2 and M. Bailie3 the 
difference of potential corresponding to the equivalent air values 
obtained. 
Table I. gives the results obtained at different temperatures for 
melted paraffin, of which the melting-point is 52° C. In most of 
1
 Trans. Royal Soc. Edinb., Vol. 28, p. 633, and Vol. 29, p. 561. Proc. R. S. E., 
Vol. 10, p. 555; Phil. Mag., December, 1880; Trans. Amer. Inst. El. Eng., 
March, 1893. 
2
 Trans. Amer. Inst. El. Eng., February, 1893. 
3
 Thomson's Recent Researches in Electricity and Magnetism, p. 70. 
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the tests it appears that raising the temperature s t rengthens the 
dielectric. I was unable to determine this point definitely. 
F igure I represents the results graphically. Curve I. gives the 
relations between the thickness of the liquid and the corresponding 
thickness of air. Curve I I . (using Bailie's air equivalent), curve 
I I I . (using Macfarlane's air 
equivalent), and curve IV. 
(using Steinmetz 's equiva-
lent) give the difference of 
potential as a function of the 
length of the spark produced 
through the paraffin. 
I also tested in the melted 
condition a paraffin of higher 
melting-point (76°-8o° C.) 
and obtained the result that 
the electric s t rength is con-
stant and somewhat greater 
than the 52° paraffin. Com-
pare Table I I . and Fig. 2 
with Table I. and Fig. 1. 
In order to test solid 
paraffin, I prepared a num-
ber of thin cakes by pouring 
the melted paraffin on the 
surface of hot mercury and 
allowing to cool, so that the 
cakes were of almost abso-
lutely uniform thickness, 
practically free from air bubbles. T h e paraffins used, 
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Fig. 1. 
and 
with the exception of the 520 paraffin, were prepared by Drs. 
Bender and Hobein of Munich. In the case of the 520 par-
affin (see Table I. and Fig. 3) the electrodes were the plates used 
in the experiments on paraffined and beeswaxed paper. I observed 
tha t with such a large surface of the dielectric exposed to the elec-
trodes, the spark generally found a hole or defect to go th rough ; 
and it is probable that the gradients of Table I I I . are somewhat 
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7.5 
4.5 
1.5 
too small. To obviate this difficulty in the subsequent experi-
ments, balls of 2.5 cm. diameter were used for the paraffin elec-
trodes, the air electrodes being balls (Table IV.) or plates (Tables 
V. and VI.). In Table IV., testing the strength of a solid paraffin 
of melting-point y6°-So° C , the values for the equivalent thickness 
of air and corresponding
 10.5r 
difference of potential are 
also evidently too low, as 
in other tests, at different 
points of the cake, the same 
pieces would not break down 
under the greatest electro-
motive force that could be 
obtained by the machine. 
In the measurements of the 
strength of solid paraffin of 
melting-points 42°-44° C , 
and 46°-48° C, Tables V. 
and VI., some of the results 
may have been vitiated by 
the balls pressing into the 
soft wax. I attempted to 
eliminate these errors by 
measuring the thickness of 
the cake after the disrup-
tion and at the point punct-
ured. 
Though the results ob-
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THICKNESS OF MELTED PARAFFIN IN m m . 
Fig. 2. 
tained with solids for the electrostatic gradient do not agree with 
one another as well as might be desired, still there is nothing to 
disprove the supposition that it is constant, and the more care-
fully the experiments were performed, the more nearly this quantity 
approached constancy. 
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Results. 
FUNCTIONS FOR V (KILOVOLTS), r BEING MILLIMETERS. 
Dielectric. 
Paraffined paper . . . . 
Beeswaxed paper . . . . 
Melted paraffin. M. P. 52 0 
M. P. 76-80 
Solid paraffin. M. P. 52° . 
" " M. P. 42-44 
" " 76-80 . . 
46-48 . . 
Turpentine 
Own observations. Air reduced to 
P. D. by 
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Discharge along the Surface of a Solid Dielectric. 
In my experiments with melted paraffin, I observed that the 
plates, dipping down into the vessel containing the paraffin, were 
attracted towards one another, making the real distance between 
the plates less than the reading on the scale. To overcome this 
difficulty, Mr. Steinmetz separated his plates by pieces of mica or 
glass of measured thickness. In this way he kept the disks at 
constant distance, but probably introduced an error ; for a break 
in the continuity of a dielectric weakens it, as I have shown by 
comparing the length of a spark in air with the length of one pro-
duced by the same electromotive force along the surface between 
air and glass. I had observed in the first experiments with solid 
dielectrics that the spark would pass much farther along the sur-
face of paraffin than through an uninterrupted air gap. At 
first I attributed this phenomenon to the presence of particles of 
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113 
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conducting dust along the surface of the dielectric. On the 25th 
of April, 1894, I examined this subject more carefully, made a 
series of measurements of the surface lengths and equivalent air 
gaps, and obtained the results given in Table VII. and Fig. 5. 
Pieces of plate glass, broken so as to expose a smooth edge, were 
placed flat between one pair of the brass disks, with the smooth 
edge of the glass about the 
center of the disks; the 
machine was put in opera-
tion, and the other pair of 
disks were gradually sepa-
rated until the spark pre-
ferred to pass along the 
surface of the glass. The 
distances between the pairs 
of plates were measured. 
I was greatly surprised to 
find that the ratio of the 
length of the spark in free 
air to that of the spark 
along the surface was very 
approximately constant, as 
expressed by the equation 
1 2 
?34 
.20 
Pie! 
912 
r=.442s; where 
r= sparking distance in air, 
s = sparking distance along 
the surface between 
air and glass. 
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Fig. 3. 
As all dust and moisture had been previously removed from the 
pieces of glass by rubbing them with chamois skin, this weakening 
of a gaseous dielectric by placing along with it a stronger dielectric 
could not have been due to the introduction of conducting particles. 
I have not had an opportunity to investigate the discharge along 
the boundary of other dielectrics, but believe that such an investi-
gation would throw considerable light on the anomalous behavior 
of gaseous media. 
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Theoretical Examination of Results. 
My experiments have not been conclusive. Not having at com-
mand the means of making absolute measurements of E. M. F., I 
have been compelled to make use of the air equivalents obtained 
by other experimenters. Their results do not agree. Dr. Mac-
farlane informs me that, while he is certain that his values are 
relatively correct, having 
carefully reduced them all 
to the same scale, he is not 
certain as to the correctness 
of the absolute magnitude. 
Mr. Steinmetz, in deter-
mining the electric strength 
of air, separated his plates by 
pieces of glass and mica, as 
he had done in his experi-
ments on liquids, thus caus-
ing the spark to pass at 
much smaller P. D. than 
when the air between the 
plates was uninterrupted. 
He obtained the equation 
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Fig. 4. 
r = 3 6 ( ^ L 3 F - i ) 
milli-cent 
+ 54 F+1.2F2 . 
kilovolts 
According to my measure-
ments above, Table VII. 
and Fig. 5, this value of r 
should be multiplied by 
.442, which would give, dropping the exponential term as it 
vanishes for all but very low values of r, 
r= 24.268 F + .5304F2. 
Steinmetz's measurements, thus modified, agree very well with 
those made by other experimenters, as may be seen by referring 
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to Table IX. This table contains only observations of the length 
of sparks through air between parallel metal plates, produced by 
the given difference of potential. 
The values of Mr. Steinmetz and Dr. Macfarlane are both 
probably correct relatively. The values given by Bailie, in 
Annates de Chimie et de Physique, [5] 25, p. 486, 1882, appear 
to be the most reliable as to absolute measurement. Notwithstand-
ing these discrepancies, I think we may consider it established 
that for solids and liquids the difference of potential necessary to 
force a spark through a dielectric is proportional to the length of 
the spark, or the electric strength is constant. This may be 
expressed by an equation of the form V = kr, in which V is the 
electromotive force, r the 
length of the spark, and k a 
constant depending on the 
substance tested. 
For gaseous dielectrics, the 
electrostatic gradient dimin-
ishes as the distance between 
the plates is made greater, or 
the dielectric weakens as the 
length of the spark increases. 
In this case the potential 2 4 6 8 10 12 u 16 
difference can be expressed 
as a function of the thickness 
of the dielectric only by an equation of a higher degree. 
Upon examination of results, it appeared that this difference of 
behavior is due to convection in the case of the gas. This belief 
was strengthened by observing that when particles of dust or 
other solid impurities were suspended in a liquid, and the current 
passed as before, the liquid became very much agitated. The 
little particles were repelled from both plates, met in the middle 
with such energy as to heap up well-defined ridges at the surface, 
and then seemed to return to the plates as if they were alternately 
charged and discharged, as is the case with the air or dust particles 
in convection. When the liquid behaved in this way, I obtained 
a curve of results that, instead of being straight, was concave to 
2* 
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SURFACE LENGTH IN MILLIMETERS 
Fig. 5. 
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the axis of abscissae like the air curve. See Table VIII. and 
Fig. 4. 
This assumption of convection seems to give the equations 
required. 
First let us consider pure disruption. The energy of the con-
denser manifests itself as stress on the intervening insulating 
medium. At the moment of disruption, the total energy being 
dissipated, we have 
W = — V* = Arf, 
in which 4^ = area of one of the plates, r = t h e distance between 
the plates, and / = the quantity of energy per unit of volume 
required to disrupt the dielectric. Whence 
K. * K 
In pure disruption/is constant and proportional to the resistance 
to the passage of electricity from each molecule to the next 
adjacent molecule. 
When there is convection, a part of the energy is used up in 
charging the layers of molecules of the insulator in contact with 
the plates. 
(The subsequent motion of the particles across the intervening 
space is a remanifestation of the energy expended in charging 
them, and does not require consideration.) 
The molecules along the surface being dielectric, have a certain 
repugnance for electricity. The total surface resistance will be 
proportional to the area of the surface and repugnance per unit of 
area, as expressed by the equation R = Ap. 
In discharge by both disruption and convection, as in air and 
other gases, this quantity must be added to Arf above, and equated 
to the total energy ; whence, 
8 irr 
T7o 8 7T/ o . 8 7T , 
V K r +J<rp' 
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This formula agrees with that for air obtained experimentally by 
Dr. Macfarlane while at Edinburgh; namely, 
V = 66.94 Vr2-K20503 r> 
and seems to be the rational expression of V in terms of r> if the 
discharge is purely disruption and convection. It is possible that, 
when the plates are exceedingly near each other, the condensation 
of the gas at the surface may introduce other terms. These 
approach zero as the distance increases, and may be neglected 
except for very small values of r. The formulae deduced above 
apply only to discharge between plates of very great area com-
pared with the distance between them. 
PHYSICAL LABORATORY, UNIVERSITY OF TEXAS. 
T A B L E I. 
MELTED PARAFFIN. MELTING-POINT 52°C. 
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Temp. 
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January 24, 1894. 
TABLE II. 
MELTED PARAFFIN. MELTING-POINT 76°-8o° C. TEMPERATURE 8o° C. 
Thickness of 
paraffin 
in millimeters. 
0.5 
0.75 
1.00 
2.00 
3.00 
4.00 
Thickness of 
air in 
millimeters. 
0.90 
1.90 
2.25 
4.25 
6.50 
10.25 
P.D. in 
kilovolts. 
(Steinmetz.) 
2.2 
3.6 
4.1 
7.0 
10.2 
14.7 
P.D. in 
kilovolts. 
(Macfarlane.) 
3.3 
4.8 
6.6 
10.2 
15.0 
22.5 
P.D. in 
kilovolts. 
(Bailie.) 
4.0 
7.4 
8.4 
14.2 
20.6 
32.1 
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TABLE III. 
SOLID PARAFFIN. MELTING-POINT 520 C 
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TABLE IV. 
SOLID PARAFFIN. MELTING-POINT 76°-8o° C. BALL ELECTRODES. 
Thickness of 
paraffin in 
millimeters. 
1.00 
0.72 
0.535 
0.915 
0.495 
Thickness of 
air in 
millimeters. 
13.7 
13.5 
10.5 
11.5 
9.4 
P.D. in 
kilovolts. (Steinmetz.) 
18.2 
18.1 
15.0 
16.0 
13.7 
P.D. in 
kilovolts. (Bailie.) 
— 
33.0 
38.0 
29.7 
Gradient 
kv. per mm. (Steinmetz.) 
18.2 
25.0 
28.0 
17.5 
27.7 
Gradient 
kv. per mm. (Bailie.) 
— 
61.7 
41.5 
55.9 
April 23, 1894. 
Remark. — The above values for the thickness of air and difference of potential are 
evidently very low, as in other tests the same paraffin cakes would not break down under 
a much greater difference of potential. 
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TABLE V. 
SOLID PARAFFIN. MELTING-POINT 42°-44° C. AIR ELECTRODES, 
PLATES; PARAFFIN ELECTRODES, BALLS. 
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0.46 
1.08 
0.47 
1.65 
T h i c k n e s s of a i r in m i l l i m e t e r s . 
I St 
Tr ia l . 
6.0 
12.8 
5.2 
24.6 
2d 
T r i a l . 
6.6 
10.1 
(7.4 
(6.0 
24.8 
3d 
Tr i a l . 
7.1 
11.8 
5.4 
4th 
T r i a l . 
5.6 
11.2 
5.2 
5th 
Tr i a l . 
6.3 
11.4 
5.2 
M e a n . 
6.32 
11.46 
5.73 
24.70 
Difference of poten-
t i a l in kv . 
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43.7 
40.0 
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TABLE VI. 
SOLID PARAFFIN. MELTING-POINT 46°-48° C. AIR ELECTRODES, 
PLATES; PARAFFIN ELECTRODES, BALLS. PARAFFIN SOFf. 
ar
af
fin
 
T
hi
ck
ne
ss
 
o
f p
 
in
 
m
ill
im
et
er
s 
0.56 
0.87 
1.04 
0.45 
1.28 
0.28 
0.66 
1.57 
T h i c k n e s s of a i r in m i l l i m e t e r s . 
1st 
T r i a l . 
6.2 
8.4 
11.8 
8.7 
13.8 
4.8 
9.6 
12.5 
2d 
Tr ia l . 
6.6 
7.8 
10.5 
7.4 
11.3 
4.7 
9.6 
11.8 
3d 
Tr i a l . 
5.0 
8.4 
10.6 
6.7 
13.5 
4.5 
9.6 
11.0 
4th 
T r i a l . 
6.2 
8.5 
12.7 
7.9 
12.2 
4.0 
9.4 
5th 
T r i a l . 
6.0 
7.1 
11.2 
4.7 
9.0 
Aver-
a g e . 
6.00 
8.00 
11.27 
7.70 
12.70 
4.54 
9.44 
11.80 
P . D . in k i l o v o l t s . 
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15.5 
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23.0 
14.9 
26.0 
13.4 
27.5 
20.3 
10.3 
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2 
24.11 
20.00 
38.00 
37.50 
31.50 
30.00 
6 
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m 
34.0 
29.3 
54.6 
55.5 
43.4 
43.5 
April 27, 1894. 
I IO G. W. PIERCE, [ V O L . II. 
TABLE VII. 
DISCHARGE ALONG THE SURFACE OF GLASS COMPARED WITH AIR. 
s. 
Length of 
surface of glass 
in millimeters. 
1.40 
1.30 
2.27 
2.42 
4.86 
4.26 
7.19 
11.74 
14.10 
r. 
Thickness of 
air in 
millimeters. 
0.65 
0.64 
1.00 
1.05 
2.10 
1.80 
3.10 
5.00 
6.20 
Specific resistance. 
r/s. 
0.464 
0.492 
0.441 
0.434 
0.432 
0.422 
0.431 
0.426 
0.440 
Remarks. 
Average of 
2 readings. 
2 
2 
2 
2 
2 « 
2 
2 
2 
Mean specific resistance, 0.442. 
r = 0.442 s; 
Where r — striking distance in air, 
s — striking distance between glass and air. 
April 25, 1894. 
TABLE VIII. 
CONVECTION EFFECT. MELTED PARAFFIN. MELTING-POINT 520 C. 
CONTAINING DUST PARTICLES PRODUCING PERCEPTIBLE 
CONVECTION. TEMPERATURE 70°-65° C. 
Thickness of 
liquids in 
millimeters. 
1.00 
1.25 
2.00 
3.00 
4.00 
Thickness of 
air in 
millimeters. 
3.0 
4.8 
7.6 
12.1 
15.0 
Difference of 
potential in kilovolts. (Macfarlane.) 
7.01 
11.40 
16.65 
— 
— 
Difference of 
potential in kilovolts. (Steinmetz.) 
5.4 
8.0 
11.5 
16.5 
19.6 
No. 2.] ON ELECTRIC STRENGTH. 1 1 1 
T A B L E I X . 
DIELECTRIC AIR. LENGTH OF SPARK IN MILLI-CENTIMETERS. 
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